Objective: To determine the role of opioid, b-adrenergic, and metabotropic glutamate 5 receptors in sacral neuromodulation of bladder overactivity.
INTRODUCTION
Overactive bladder (OAB) is characterized by urinary urgency with or without urge incontinence, which affects about 13% of women and 11% of men worldwide (1) . OAB symptoms typically present concomitantly with urinary frequency and nocturia. Sacral neuromodulation has been Food and Drug Administration approved as an effective OAB treatment since the 1990s (2) (3) (4) . However, currently the mechanisms underlying sacral neuromodulation of bladder function are not fully understood. Since electric stimulation of the pudendal or tibial nerves also is clinically effective in OAB treatment (5) (6) (7) (8) , it has been assumed that sacral neuromodulation might stimulate the afferent nerve fibers in the S3 spinal root that originate from pudendal and/or tibial nerves. Therefore, sacral neuromodulation may share the same mechanisms as pudendal/tibial neuromodulation.
Our previous studies in cats have revealed that multiple neurotransmitter mechanisms are involved in pudendal or tibial neuromodulation of bladder overactivity (3,9-13). The opioid receptors play a major role in tibial inhibition of bladder overactivity (12, 13) , while metabotropic glutamate receptor 5 (mGluR5) is involved in pudendal inhibition (3, 10) . Our recent study in cats further shows that the b-adrenergic receptors also are involved in pudendal inhibition of bladder overactivity (9, 11) . Therefore, it is logical to hypothesize that these neurotransmitters may play a role in sacral neuromodulation of bladder overactivity in cats.
In this study, the possible role of opioid, mGluR5, and badrenergic receptors in sacral neuromodulation of bladder overactivity was examined in a-chloralose anesthetized cats. Dilute (0.5%) acetic acid (AA) was used to irritate the bladder, activate bladder nociceptive C-fiber afferents, and induce bladder overactivity. The S1 or S2 sacral dorsal roots were stimulated to inhibit the irritationinduced bladder overactivity and mimic sacral neuromodulation. The S1/S2 roots in cats are equivalent to the S3 root in human due to the spinal segmental differences of the different species (14, 15) . Naloxone (an opioid receptor antagonist), MTEP (3-((2-Methyl-4-thiazolyl)ethynyl)pyridine, an mGluR5 receptor antagonist), and propranolol (a b-adrenergic receptor antagonist) were used individually or in combination to determine the involvement of these receptors in the inhibition of bladder overactivity induced by S1/S2 dorsal root stimulation. This study not only reveals the possible neurotransmitter mechanisms underlying sacral neuromodulation but also clarifies the possible relationship between sacral neuromodulation and pudendal/tibial neuromodulation.
MATERIALS AND METHODS
The Animal Care and Use Committee at the University of Pittsburgh approved all protocols involving the experimental use of animals in this study.
Surgical Procedures
The experiments were conducted on a total of 24 cats (13 male and 11 female, 2.8-4.2 kg, Liberty Research, Waverly, NY, USA) under isoflurane (2-5% in O2) anesthesia during surgery followed by achloralose anesthesia (65 mg/kg i.v. and supplemented as needed) during data collection. Systemic blood pressure was monitored throughout the experiment via a catheter inserted into the right carotid artery. Heart rate and blood oxygen level were monitored by a pulse oximeter (9847V, NONIN Medical, Plymouth, MN, USA) with the sensor attached to the ear or tongue. A tracheostomy was performed and an endotracheal tube was inserted to ensure airway patency. A catheter for intravenous infusion of fluid and drugs was inserted into the left cephalic vein. A laparotomy was performed and the ureters were isolated, cut, and drained externally. The urethra was then exposed and a double lumen catheter was inserted through an urethrotomy into the bladder and secured by a ligature around the urethra. One lumen of the catheter was connected to a pressure transducer to monitor the bladder pressure and the other was connected to a pump to infuse (1-3 mL/min) the bladder with saline or 0.5% AA. All incisions were closed with suture.
The spinal cord and cauda equina were exposed between the L4 and S3 vertebrae via a dorsal laminectomy. The spinal dura was cut and the S1-S2 sacral dorsal roots on the right side were separated for electric stimulation. A bipolar stainless steel hook electrode was used during the experiment to stimulate individual S1/S2 dorsal roots by delivering electric pulses that were generated by an electric stimulator (S88, Grass Medical Instruments, Quincy, MA, USA). The animal was mounted in a modified Narishige "Eccles" spinal cord frame in which the hip was supported by metal pins, and the spinous process at the rostral end of the laminectomy was secured with a clamp. The skin, cut mid-sagittally from L4 to S3, was tied along each margin to form a pool that was filled with warmed (35-378C) mineral oil. The temperature of the animal was maintained at 36-388C using a heating pad during the experiments.
Experimental Protocol
Our previous studies in cats (16, 17) showed that reflex bladder activity could be inhibited by electric stimulation (5 Hz frequency and 0.2 ms pulse width) of S1 or S2 dorsal roots at threshold (T) intensity for inducing reflex twitching of the anal sphincter or toe, while stimulation of S3 dorsal root or S1-S3 ventral roots was not effective. Therefore, stimulation (5 Hz, 0.2 ms) of S1 or S2 dorsal roots at motor threshold intensity was used in this study to inhibit reflex bladder activity.
At the beginning of each experiment, multiple cystometrograms (CMGs) were performed with saline infusion (1-3 mL/min) to determine the bladder capacity that was defined as the bladder volume threshold to induce a bladder contraction of large amplitude (>30 cm H 2 O) and long duration (>20 sec). Then, 0.5% AA was infused into the bladder to irritate the bladder and induce bladder overactivity. Once the control bladder capacity stabilized during repeated AA CMGs, the inhibitory effect of sacral dorsal root stimulation was determined by additional four AA CMGs: 1) control CMG without stimulation; 2) CMG during S1 dorsal root stimulation; 3) CMG during S2 dorsal root stimulation; 4) control CMG again to examine any poststimulation effect. Then, the animals were divided into two experimental groups.
In the first group (N 5 11 cats), the animals received 1 mg/kg (i.v.) naloxone (12) followed by 3 mg/kg (i.v.) propranolol (9, 11) . In the second group (N 5 13 cats), the animals received 3 mg/kg (i.v.) propranolol followed by 3 mg/kg (i.v.) MTEP (3, 10) and then 1 mg/kg (i.v.) naloxone. The different drugs were given at about 50-60 min intervals. The specific dosages of the different drugs have been shown in our previous cat studies to be effective for several hours in suppressing tibial or pudendal inhibition of bladder overactivity (3, (9) (10) (11) (12) . The effective duration of the large doses of drugs are long enough for testing the repeated CMGs and the drug interactions in this study. After each drug treatment, the four CMGs (control, S1 stimulation, S2 stimulation, and control) were repeated to determine the drug effects. A 10-min waiting period for propranolol/MTEP and 5 min for naloxone were used for the drugs to take effect. A waiting period of 5 min also was used between CMGs for the bladder reflex to recover, which was shown to be long enough in our previous studies (3, (9) (10) (11) (12) .
Data Analysis
The bladder capacity was measured from each CMG and normalized to the capacity measured during the first control CMG for different drug treatments. Repeated measurements (2-3 CMGs) of control bladder capacity in the same animal under the same conditions (saline or AA) were averaged. The normalized data from different animals are presented as mean 6 standard error. Statistical significance (p < 0.05) was determined by repeated-measures ANOVA followed by Bonferroni (two-way) post hoc multiple comparison to determine the effects of each drug on reflex bladder activity and sacral S1/S2 inhibition or by Dunnett (one-way) post hoc multiple comparison to determine the effects of S1/S2 dorsal root stimulation on reflex bladder activity in the same treatment conditions. Student's t-test was used to detect the significant (p < 0.05) change of reflex bladder activity induced by AA irritation. The statistical methods used for analyzing data from each experiment also are indicated in the figure legends. 
RESULTS

S1/S2 Dorsal Root Stimulation Inhibited Bladder Overactivity
Intravesical infusion of dilute (0.5%) AA irritated the bladder, induced bladder overactivity, and significantly (p < 0.05) reduced bladder capacity to 7.7 6 3.3 mL from 12.0 6 5.0 mL measured during saline CMGs (N 5 24 cats). Stimulation of S1 or S2 dorsal roots at motor threshold intensity (0.16-0.7V) inhibited AA-induced bladder overactivity and significantly (p < 0.05) increased bladder capacity to 12.8 6 4.7 or 16.7 6 6.7 mL, respectively (N 5 24 cats). Typical CMG traces are shown on the first row in Figures 1a and 2a. After dorsal root stimulation, the following AA control CMG showed that the bladder capacity returned to the prestimulation level, i.e., no poststimulation effect. A poststimulation effect also was not observed after the drug treatments described in the following sections.
Effect of Naloxone on Sacral Inhibition of Bladder Overactivity
In the untreated animals during AA infusion, S1 or S2 dorsal root stimulation significantly increased bladder capacity to 179.4 6 20.0% (p < 0.01) or 219.1 6 23.0% (p < 0.05), respectively, of AA control capacity (N 5 11 cats, Fig. 1 ). Naloxone (1 mg/kg, i.v.) significantly (p < 0.001) reduced the control bladder capacity to 38.3 6 7.3% and the bladder capacity measured during S1 dorsal root stimulation to 106.2 6 20.8% of AA control (Fig. 1) . However, naloxone did not significantly change the bladder capacity (189.3 6 28.8%) measured during S2 dorsal root stimulation (Fig. 1 ). After naloxone treatment both S1 and S2 dorsal stimulation still significantly (p < 0.05) increased bladder capacity (Fig. 1 ).
Effect of Propranolol on Sacral Inhibition of Bladder Overactivity
In the untreated animals during AA infusion, S1 or S2 dorsal root stimulation significantly (p < 0.01) increased bladder capacity to 182.0 6 19.1% or 251.8 6 32.2%, respectively, of AA control capacity (N 5 13 cats, Fig. 2 ). Propranolol (3 mg/kg, i.v.) significantly (p < 0.01) suppressed the increase in bladder capacity during S2 dorsal root stimulation to 210.9 6 33.3%, but did not significantly change the increase in bladder capacity (163.9 6 16.1%) during S1 dorsal root stimulation (Fig. 2) . Propranolol did not change AA control bladder capacity (Fig. 2) . After propranolol treatment, both S1 and S2 dorsal root stimulation still significantly (p < 0.05) increased bladder capacity (Fig. 2) .
In the animals pretreated with naloxone (1 mg/kg, i.v.), S1 or S2 dorsal root stimulation significantly increased bladder capacity to 358.7 6 77.5% (p < 0.05) or 622.9 6 112.6% (p < 0.01), respectively, of naloxone control capacity (N 5 11 cats, Fig. 3 ). Propranolol (3 mg/ kg, i.v.), which did not change naloxone control bladder capacity (Fig. 3) , significantly (p < 0.001) suppressed the increase in bladder capacity during S2 dorsal root stimulation to 493.5 6 97.1%, but did not significantly reduce the increase in bladder capacity (327.3 6 70.4%) during S1 dorsal root stimulation (Fig. 3) . After propranolol and naloxone treatments both S1 and S2 dorsal root stimulation still significantly (p < 0.05) increased bladder capacity (Fig. 3) .
Effect of MTEP on Sacral Inhibition of Bladder Overactivity
In the animals pretreated with propranolol (3 mg/kg, i.v.), S1 or S2 dorsal root stimulation significantly (p < 0.01) increased bladder capacity to 219.6 6 39.9% or 264.9 6 49.5%, respectively, of propranolol control capacity (N 5 13 cats, Fig. 4 ). MTEP (3 mg/kg, i.v.), which did not change propranolol control bladder capacity (Fig. 4) , significantly (p < 0.05) reduced the increases in bladder capacity elicited by S1 or S2 dorsal root stimulation to 174.8 6 30.6% or 222.8 6 46.9% of control, respectively (Fig. 4) . After MTEP treatment, only S2 dorsal root stimulation still significantly (p < 0.05) increased bladder capacity (Fig. 4) . In the animals pretreated with both propranolol and MTEP, naloxone (1 mg/kg, i.v.) significantly (p < 0.001) reduced the control bladder capacity and the bladder capacities measured during both S1 and S2 dorsal root stimulation (N 5 12 cats, Fig. 5 ). However, after the combined propranolol, MTEP, and naloxone treatments both S1 and S2 dorsal root stimulation still significantly (p < 0.05) increased bladder capacity (Fig. 5) .
DISCUSSION
This study revealed that multiple neurotransmitter mechanisms contribute to sacral neuromodulation of reflex bladder overactivity in anesthetized cats and that different mechanisms can be involved in the neuromodulation elicited by stimulation of adjacent sacral (S1 and S2) dorsal roots. Blocking opioid receptors with naloxone significantly reduced bladder capacity during S1 stimulation, but did not change bladder capacity during S2 stimulation (Fig. 1) . In contrast, blocking b-adrenergic receptors with propranolol significantly reduced the inhibition induced by S2 but not by S1 stimulation (Figs. 2 and 3) . After propranolol treatment, blocking mGluR5 receptors by MTEP significantly reduced the inhibition induced by either S1 or S2 stimulation (Fig. 4) and unmasked the sensitivity of S2 stimulation to naloxone treatment (Fig. 5) . However, after treatment with a combination of propranolol, MTEP, and naloxone, stimulation of either S1 or S2 still produced a significant inhibition (Fig. 5) indicating that additional mechanisms contribute to sacral neuromodulation.
The contribution of multiple neurotransmitters to sacral neuromdulation was not completely unexpected because our previous studies (3, 9, 12) showed that electric stimulation of peripheral nerves (pudendal and tibial) that send afferent axons through the sacral dorsal roots inhibits reflex bladder activity by release of multiple neurotransmitters. For example, opioid receptors play a major role in the inhibition of bladder overactivity induced by tibial nerve stimulation (12,13), while these receptors are not involved in the inhibition induced by pudendal nerve stimulation (18) . Since S1 but not S2 dorsal root stimulation is sensitive to naloxone treatment ( Fig. 1) , it is reasonable to speculate that S1 dorsal root stimulation activates some of the afferent nerve fibers carried by the tibial nerve, thereby contributing to the naloxone-sensitive inhibition; while there are fewer tibial afferent fibers passing through the S2 dorsal root (14) accounting for the naloxone resistance.
On the other hand, our previous studies also showed that badrenergic receptors are involved in the inhibition of bladder overactivity induced by pudendal nerve stimulation (9, 11) . Because S2 but not S1 dorsal root stimulation is sensitive to propranolol treatment (Figs. 2 and 3 ) and the majority of pudendal afferent fibers travel through the S2 dorsal root into the spinal cord in cats (15) , it is reasonable to speculate that the sensitivity to propranolol is due in part to S2 dorsal root stimulation activating a population of pudendal afferent nerve fibers. Additional studies are warranted to further determine the contributions of tibial and pudendal afferent nerves to the inhibition induced by sacral dorsal root stimulation.
After propranolol treatment, administration of the mGluR5 receptor antagonist, MTEP, further reduced the inhibition induced by S2 dorsal root stimulation (Fig. 4) . This also is consistent with activation of pudendal afferent nerves because our previous studies showed that pudendal afferent input can activate mGluR5 receptors in the central nervous system to inhibit bladder reflex activity (3, 10, 18) . The MTEP effect on S1 dorsal root stimulation (Fig. 4) may reflect the minor population of pudendal afferents in this root, as well as the presence of tibial nerve afferents. While MTEP has not yet been tested on tibial neuromodulation, an antagonist for another type of metabotropic glutamate receptor (mGluR2/3) has been shown to reduce tibial inhibition of bladder overactivity (19) . This raises the possibility that the mGluR5 receptor might also have a role in tibial neuromodulation, because it is known that multiple subtypes of mGluRs can be expressed in neurons and at synapses (20) . This will be examined in future experiments.
After both propranolol and MTEP treatments, S2 dorsal root stimulation becomes sensitive to naloxone (Fig. 5) . Although this result is difficult to interpret due to the complicated multiple drug treatments and the direct effect of naloxone to decrease bladder capacity, it shows that an opioid mechanism that is not activated by S2 dorsal root stimulation originally (Fig. 1) can be unmasked after blocking other neurotransmitter mechanisms (b-adrenergic and mGluR5). The direct excitatory effect of naloxone to reduce bladder capacity is attributable to blocking tonically active opioid inhibitory mechanisms. This effect was more prominent in the present experiments than in previous experiments in cats with irritated bladders (12, 13) . The reason for this difference is uncertain.
However, after the multiple treatments, both S1 and S2 dorsal root stimulation still significantly inhibited bladder overactivity (Fig. 5) , indicating that neurotransmitter receptors other than badrenergic, mGluR5, and opioid must also participate in the inhibition. Our previous studies in cats have shown that GABA A , glycine, and 5HT receptors are involved in pudendal inhibition (21) (22) (23) . Therefore, additional studies are needed to determine the possible involvement of these neurotransmitter mechanisms in sacral neuromodulation of bladder overactivity. The significant amount of residual inhibition (Fig. 5 ) could also be due to activation of afferent nerves other than tibial/pudendal nerves, because our previous study in cats has shown that stimulation of posterior femoral cutaneous nerve can also inhibit reflex bladder activity (24) . In addition, many other somatic afferent nerves from the leg/foot also travel in S1 and S2 dorsal roots (14) . The effects of stimulating different somatic afferent nerves from the leg/foot on reflex bladder activity and the neurotransmitters involved need to be explored.
It is worth noting that naloxone and propranolol were tested individually in independent groups of cats, but MTEP was only tested in a complicated three-drug combination study consisting of propranolol, followed by MTEP and finally naloxone. This study was designed to sequentially remove three neurotransmitter mechanisms. It showed that norepinephrine, glutamate, and opioids are all involved but the three-drug combination did not completely eliminate sacral inhibition. Thus, other transmitters (e.g., GABA, glycine, or 5HT) must also have a role. Clearly more studies are needed to examine the effect of MTEP alone, MTEP in combination with naloxone and the role of other putative transmitters.
Single doses of drugs were tested in the present experiments instead of conducting a dose response study, because the effective dose for each drug was determined in our previous experiments of tibial or pudendal neuromodulation in cats (3, 10, 12) . Naloxone (1 mg/kg, i.v.) completely removed tibial inhibition of bladder overactivity (12) , and MTEP (3 mg/kg, i.v.) maximally reduced pudendal inhibition (3). Propranolol (3 mg/kg, i.v.) combined with MTEP (3 mg/kg, i.v.) completely removed pudendal inhibition of spinal reflex bladder activity mediated by nociceptive C-fiber afferents (10) . Therefore, the drug dosages used in this study are large enough to fully remove the inhibition produced by stimulation of tibial/pudendal afferent nerves passing through the S1 and S2 dorsal roots. This reduces the possibility that the significant inhibition remaining after administration of the three drugs (Fig. 5 ) is due to low doses of drugs. The cat model of bladder overactivity induced by AA irritation has been used in many previous studies in which drugs and neuromodulation were tested (3, 12, 13, 19, 21, 22, 25, 26) . It has been shown that the control bladder capacity is stable during repeated CMGs lasting for 5-6 hours (25) . In addition, the effect of pudendal neuromodulation also is stable during vehicle control tests that used the repeated CMG protocol similar to the one used in this study and tested seven dosages of the vehicle (saline) for 4-5 hours (22) . Therefore, in the present study in which only 2-3 dosages of drugs were tested, it is unlikely that the drug effects are due to a change in baseline bladder capacity during the experiments. Furthermore, naloxone only reduced the inhibition induced by S1 but not by S2 dorsal root stimulation (Fig. 1) , while propranolol only reduced the inhibition induced by S2 but not S1 dorsal root stimulation (Figs. 2 and 3) . These selective effects are not likely due to a spontaneous change over time that alters baseline CMG parameters or the response to dorsal root stimulation. However, the present experiments are complicated due to the variations in the pharmacokinetics and dynamics of the different drugs and the testing of multiple stimulations during multiple CMGs. Thus, further studies using a simpler experimental protocol to determine the time course of the drug effects on sacral neuromodulation are certainly warranted.
Currently, the pathology of OAB symptoms in human are still unknown. Therefore, it is not possible to develop an animal model of OAB. However, it is well known that bladder afferent fibers consist of non-nociceptive Ad-fibers and nociceptive C-fibers. Saline distention of bladder activates the non-nociceptive afferent Ad-fibers that trigger a supraspinal micturition reflex, while AA irritation of bladder activates the nociceptive afferent C-fibers that trigger a spinal bladder reflex. Since OAB symptoms could be caused by overactivity of the Ad-fiber afferent pathway or activation of the C-fiber afferent pathway, it is critical to understand neuromodulation of both afferent pathways. Our previous studies in cats have revealed that pudendal/tibial neuromodulation of non-nociceptive or nociceptive reflex bladder activity involves different neurotransmitter mechanisms (12, 23) . Therefore, it is possible that sacral neuromodulation of these different bladder afferent pathways might also involve different neurotransmitter mechanisms. The current study only investigated the neurotransmitters involved in sacral neuromodulation of nociceptive bladder activity induced by AA irritation but not the non-nociceptive bladder activity induced by saline distention. However, a completely different experimental design will be needed in order to study the sacral neuromodulation of saline distentioninduced bladder activity, because our previous studies have revealed that a long-lasting poststimulation inhibition can be induced by sacral neuromodulation under non-nociceptive bladder conditions but not under nociceptive bladder conditions (16, 17) .
In this study, the S1 or S2 dorsal roots were stimulated at 5 Hz and at the motor threshold intensity to mimic clinical sacral neuromodulation. Our previous studies in cats (16, 17) have shown that stimulation of S1 or S2 dorsal roots at 5 Hz is effective in inhibiting bladder activity while 15 or 30 Hz is not effective. Other studies in cats (27, 28) also showed that 7-10 Hz was the optimal frequency range for S1 or S2 spinal root stimulation to inhibit reflex bladder activity. Although clinical sacral neuromodulation often uses 10 or 15 Hz, a recent study in human (29) indicates that 5.2 Hz can produce the same efficacy as higher frequencies (10, 21, or 40 Hz). Therefore, 5 Hz seems to be the optimal frequency to mimic clinical sacral neuromodulation in acute cat experiments. Our previous studies in cats (16, 17) have also shown that stimulation of S1 or S2 ventral roots over a range of frequencies is not effective in increasing bladder capacity during CMG. In addition, clinical studies also show that the therapeutic effects of sacral neuromodulation are due to stimulation of afferent nerve fibers instead of efferent nerve fibers in the spinal roots (30) . Therefore, S1 or S2 dorsal root stimulation becomes the optimal choice to test sacral neuromodulation in cats. Finally, motor threshold intensity was used in this study to mimic clinical application of sacral neuromodulation that uses stimulation intensity slightly below motor threshold (29) .
Sacral neuromodulation is a very effective treatment for OAB. It can produce greater than 50% improvement on OAB symptoms on about 75% of patients (2, 4, 31) . This high efficacy is in dramatic contrast to pharmacotherapy that can only reduce 1-2 voids per day for OAB patients (8, 32) . Our current study indicates that sacral neuromodulation can activate opioid, mGluR5, and b-adrenergic receptors in addition to other neurotransmitter mechanisms to achieve the therapeutic effect. Therefore, sacral neuromodulation can be considered as a combination therapy targeting multiple neurotransmitter mechanisms. This information raises the question of whether pharmacotherapy that targets a single neurotransmitter mechanism (33) would be able to match the efficacy of sacral neuromodulation in the treatment of OAB.
In summary, this study in anesthetized cats indicates that sacral neuromodulation may target multiple neurotransmitter receptors to treat OAB including opioid, mGluR5, and b-adrenergic receptors. Afferent axons passing from both the tibial and pudendal afferent nerves through the sacral dorsal roots could be activated by sacral neuromodulation to achieve the therapeutic effect. Understanding the neurotransmitter mechanisms underlying sacral neuromodulation may further improve this effective OAB therapy or discover new molecular targets for developing new therapies for OAB.
